Microstructure determines the mechanical and transport properties of fruit tissues. One important characteristic of the microstructure is the relative volume fraction of gas-filled intercellular spaces, i. e. the tissue microporosity. Quantification of this microporosity is fundamental for investigating the relationship between gas transfer and various disorders in fruit.
INTRODUCTION
Gas exchange between plants and their environment is essential for metabolic processes such as photosynthesis and respiration [1] . The gas-filled intercellular spaces are considered to be the predominant pathways for gas transport through a plant and are important to the characteristics of gas exchange [2] . Understanding of intercellular air spaces in relation to microstructural properties thus has important applications to understanding of several phenomena such as postharvest quality or shelf life of the fruit [3] . For example, apple fruit with greater fractional air volumes have been shown to be softer [4] or more mealy [5] and to have higher internal gas diffusion rates [6] . The volume of intercellular air spaces continues to increase during apple storage. Its measurement can therefore be used to define the age of a fruit and also to characterize the effects of different storage conditions on its quality [5, 7] . air bubbles in tomato tissues has recently been detected via gradient-echo MRI images [11, 12] using the effects of differences in magnetic susceptibility (Δχ) between gas bubbles and their environment inside fruit tissues. McCarthy et al [13] used susceptibility effects to study bruising in apple tissue. Duce et al. [14] investigated courgette tissues and HernandezSanchez et al. studied pears [15] using the same phenomena. MRI methods taking advantage of susceptibility effects have also several different applications such as the tracking or quantification of superparamagnetic particles [16] , the detection of muscle tissue [17] and the estimation of bubble size in bread [18] . However, no MRI methods have been reported to quantify air volume, i.e. porosity, in fruit. We therefore propose here an original MRI method for quantifying porosity in intact fruit. The method was tested at two different magnetic fields on apples and tomatoes. These fruit were taken as models as they exhibit different internal structures and several ranges of porosity. The method was validated by comparing the MRI results with estimation of local tissue porosity using X-ray microtomography experiments.
THEORETICAL ASPECTS
Differences in magnetic susceptibility between a tissue and air create field inhomogeneities which induce intravoxel dephasing and associated signal loss in gradientecho (GE) images. Because of the rephasing π-pulse, signal loss occurring in spin-echo (SE) images is drastically lower and can serve as a reference. The local field inhomogeneities can be divided into three categories: macroscopic, mesoscopic and microscopic. Macroscopic inhomogeneities arise from imperfections in the magnet or large air inclusions which can lead to a non-exponential GE signal decay [19] . In the absence of macroscopic field inhomogeneities, the signal decay in GE imaging can be estimated by an exponential function described by the T 2 * constant. Microscopic field inhomogeneities (magnetic field inhomogeneities over distances with orders of magnitude much smaller than the voxel size, i.e. atomic or molecular size) are responsible for irreversible dephasing, namely T 2 relaxation (R 2 = 1/T 2 ), and mesoscopic field inhomogeneities (from perturbers smaller than the voxel size but greater than the diffusion length) contribute to R 2 # , the reversible part of R 2 * (R 2 * = R 2 + R 2 # = 1/T 2 *) [20] [21] [22] [23] . The latter are of special interest as they originate from internal, tissue-specific sources and thus can provide important information on biological microstructure.
Using the static dephasing regime [20, 23] for spherical and randomly distributed perturbers in a homogenous medium, R 2 # can be approximated using Eq. (1):
where ε is the microporosity, γ the proton gyromagnetic ratio (γ=2.675
8 rad/sT for the hydrogen nucleus), Δχ corresponds to the difference in magnetic susceptibility between perturbers and their environment and B 0 is the main magnetic field value. The static dephasing approach has been used as a means of calculating the T 2 * in parenchymal lung tissue function of the alveoli volume fraction [23, 24] and to assess the density of iron-oxide nanoparticles [25] .
In the study presented here, the microporosity was the gas volume fraction due to intercellular spaces in the fruit tissues. Δχ was taken as -9 ppm to represent air/water susceptibility interfaces. According to [26] , if a mesoscopic inhomogeneous magnetic field is created by spherical objects with an average radius of R 0 , the static dephasing regime holds if the characteristic time t C is much smaller than the characteristic diffusion time t D (t D =R 0 ²/D):
where D is the diffusion coefficient. Eq. (2) shows that a high external magnetic field (B 0 ), wide susceptibility differences (Δχ) and large susceptibility inclusions favour the static dephasing regime. For a given B 0 and Δχ, conditions for which the static dephasing regime is valid are met for the radii given by Eq. 3: Finally, by combining multiple spin-echo images to assess R 2 and multiple gradient-echo images to assess R 2 *, we were able to estimate microporosity in each fruit. As computation of microporosity is dependent on B 0 , as can be seen in Eq. (4), the method was tested at 1.5 and 0.2 T.
MATERIALS AND METHODS

Plant material
Nine Royal gala apples were procured from the local market and used without any were studied the first day, three tomatoes the second day and two tomatoes the third day, the ripening period was thus eight, nine and ten days, for the first, second and third groups, respectively.
Magnetic Resonance Imaging
Image acquisition
Measurements were carried out on a 1.5 T scanner (Magnetom Avanto, Siemens, Erlangen, Germany) with the maximum imaging gradients of 45 mT/m for the longitudinal (z) and 40 mT/m for the transverse (x and y) axes, and on a 0.2 T scanner (Magnetom Open, Siemens, Erlangen, Germany) with the maximum imaging gradients of 15 mT/m along all axes. The 1.5 T and 0.2 T scanners were equipped with the 8-channel "knee" receiver coil and multipurpose flexible receiver coil (MP_S), respectively. Fruit were positioned in a specifically designed experimental support and marked before the first experiment making it possible to position them very close to the same position in both scanners. In order to guarantee a constant temperature for the fruit during measurements, they were placed in Faraday cages at least one day before the experiment began. The temperature of the thermally insulated Faraday cages was set at 21°C and monitored during measurements (deviation was less than 0.5°C).
The median equatorial plane of each fruit was imaged with the following geometrical parameters: matrix size=128² pixels, field of view=128² mm² and slice thickness=5 mm. The repetition time (TR) was set at 10 s for all measurements. 
Image processing
The magnitudes of the MSE and MGE image series were fitted on a pixel-by-pixel basis using corresponding monoexponential functions, via the Levenberg-Marquardt criterion for chi-square minimization implemented on Scilab software. Regions of interest (ROI) were defined manually from the MSE images ( Fig. 1 ) that corresponded to a homogeneous region in different tomato tissues (core, placenta, radial and outer pericarp and locular tissue) and in the intermediate region of apple cortex. As different parts of apple cortex could not be distinguished in MSE images, the ROIs were drawn at about 1.5 cm from the skin in the intermediate cortex layer from which samples were taken for X-ray experiments. The average values of T 2 , T 2 * and microporosity were measured within these regions.
X-ray microtomography
Image acquisition
The samples were scanned using an X-ray micro CT system (Phoenix, VTome X 240, Samples were taken from the fleshy part (cortical tissue) of apples as follows: a 2-cm thick slice, centered over the middle of the virtual MRI slice (Fig. 2 A) , was cut in the equatorial region perpendicular to the pedicle axis, and cylinders (0.8 cm in diameter) were cut into the tissue at about 1.5 cm from the skin to the axis of the tissue cylinder (Fig. 2 B) .
Each sample was directly positioned on a system needle. The same procedure was used for extraction of samples of the outer pericarp of tomatoes. Five apple samples and one tomato sample were studied by X-ray tomography. The measurement time for each sample was around 45 minutes.
Image processing
A circular region of interest that excluded the image edges was extracted from the images and processed., which mainly consisted of image segmentation and construction of the 3-D representation of the void network.
with the main magnetic field, and the diffusion term responsible for dynamic dephasing scales with the second power of the gradient strength. Proton chemical exchange between water and dissolved solutes (especially sugars in ripe fruit) can be another origin of a T 2 dependence on the magnetic field strength and pulse spacing [14] . Note that the inter-echo spacing of the MSE sequence was 15 ms at 1.5 T and 30 ms at 0.2 T in order to limit the dephasing effect at 1.5 T and thus that the T 2 values measured at two fields are not directly comparable.
The parametric T 2 and T 2 * images shown in Fig. 3 and Fig. 4 were used to compute porosity maps of apple and tomato fruit. An example of the porosity maps measured at 1.5T
is shown in Fig. 5 . Like the T 2 and T 2 * maps, the porosity image of the apple ( An example of a porosity map of the tomato is depicted in Fig. 5 B showing the heterogeneity of porosity in tomatoes. The core had the largest proportion of air bubbles (15±4%), while the locular tissue was shown to be almost gas free, with a mean porosity of less than 1%. The mean porosity in the placenta, the radian and the outer pericarp was 11±2%, 4±1% and 1±0%, respectively. These results entirely agree with the macrovision images reported in our previous study [11] .
The mean porosity of the apple and tomato tissues measured at 1.5 T and 0.2 T are summarised in Table 2 .
The relationship (Fig. 6 ) between mean porosity in different tomato tissues and the apple cortex measured at 1.5 T and 0.2 T was linear: porosity 1.5T =1.4porosity 0.2 -0.7, with r²=0.97,
showing that the results matched well. However, the slope of the curve indicated that the porosity values measured at 1.5 T were greater than values obtained at 0.2 T.
X-ray microtomography images
An example of the 2-D X-ray tomographic slices of the apple cortex is shown in Fig. 7 , This simple volume representation provides better understanding of the internal tissue organisation and complexity of the cell and void distribution.
Comparison of the MRI and X-ray microtomography estimations of porosity
The results of the MRI porosity measurements in the apple cortex tissue were compared to the porosity estimated from the X-ray tomography experiments (Fig. 9) . Five apples were studied by both MRI at 1.5 T and X-ray microtomography. The relationship between the measurements was linear (porosity IRM(1.5T) =0.9 porosity X-rays +5), with the correlation coefficient r²=0.98. Two of the apples were also studied by 0.2 T MRI, and the results of these measurements are presented in Fig. 9 . Because of the small number of points (two), no relationship could be established between the measurements. The relatively high standard deviation of the mean values of the MRI porosity measurements represented on the graph corresponds to natural structural variation in the tissue.
DISCUSSION
The results from the experimental study at 1.5 T and 0.2 T were in good agreement. The relationship obtained between the two measurements was linear with an offset of nearly zero. However, the slope of the line differed slightly from that expected (x=y), possibly explained by the hypotheses assumed in the model for mesoscopic inhomogeneities described by Yablonskiy [26] or by the methods used for the relaxation time measurements.
The model for mesoscopic inhomogeneities is valid for a broad range of perturber strengths and sphere sizes as long as following conditions are satisfied : i) the magnetic perturbers are uniform spheres; ii) there are no interactions between spheres (small volume fraction of the perturber subsystem, i.e. ε<<100%) and iii) the system under investigation is in the static dephasing regime.
i) The intercellular spaces were described in this study as gas-filled spherical volumes of the same size. A regular spherical geometry was a first-order approximation, but it is obvious in the X-ray images that not all the spaces were spherical and that they were not uniform in size.
ii) It is assumed in the model that susceptibility inclusions such as gas-filled intercellular spaces constitute a minor subsystem in an imaging voxel and represent a low volume fraction of the whole system. The criterion of low volume fraction is approximate and the boundaries within which the theoretical approach is valid were not determined [20] . The experimental results obtained from a phantom showed that the method provided good results for measurements of porosity below 6% [26] . In a recent study on the mouse lung [24] , the method was used for investigation of porosity levels between 30% and 65%, but no external reference was used to validate these results. In the present study, maximum values of porosity of about 20% were measured in the apples.
iii) Finally, the model for mesoscopic inhomogeneities operates for a static dephasing regime which holds if the characteristic time (t C ) is much smaller that the characteristic diffusion time (t D ) (as described in Eq. 2). It is obvious from Eq. 2 that the static regime is favoured by a high external magnetic field (B 0 ), wide susceptibility differences (Δχ) and large size perturbers. Eq. 3 provides a test to determine whether the static dephasing regime is applicable to given experimental conditions. For tomato and apple studies, the susceptibility difference for the water/air interface is about -9 ppm and the diffusion coefficient was 1.8x10 -9 m²/s according to [29] . The radius of spherical perturbers has to be much greater than 1 μm and 3 μm for the magnetic fields of 1.5 T and 0.2 T, respectively. The intercellular spaces of the apple cortex reported in the literature are considerably higher than these values. The Xray images (Fig. 7 ) acquired in this study also indicated that the mean radius of the intercellular spaces of the apple samples was ten to one hundred times greater than the radius limit required in the model. On the other hand, the criterion in Eq. 2 was valid only for a FID (or gradient-echo) experiment [26, 30] since it describes the situation when dephasing takes control of NMR signal attenuation before molecular diffusion takes over the process.
For a spin-echo process, molecular diffusion is the principal mechanism that is responsible for signal loss during the echo time, due to the presence of an inhomogeneous field.
Diffusion attenuation increases with the echo time [11, 31] and hence imposes a restriction on the maximum echo time that can be used. If water molecules do not move too far from their original location during an interval of the echo time, i.e. spins move so slowly that they appear to be stationary, then the inhomogeneous magnetic field that the molecules experience may be well characterised by a constant local field gradient. Diffusion thus has practically no effect on the relaxation, and the loss of phase coherence is completely recovered with the refocusing π-pulse. With regard to the results of T 2 measurements (Table   1) , the diffusion signal loss occurred in the spin-echo measurements. For the tissues rich in air, the T 2 was significantly greater at 0.2 T than at 1.5 T. Thus, T 2 values reflected not only the microscopic magnetic field inhomogeneity effects, but also incorporated the effects of the tissue perturbers. However, for tissues characterised by long T 2 such as vegetable tissues, the error in T 2 value does not significantly influence the porosity computed from Eq. 4. For example, a 100-ms variation in T 2 led to only 0.05% variation in microporosity.
The second reason for the slight disagreement between porosity measurements performed at 1.5 T and 0.2 T may have arisen from errors in the relaxation time measurements. The transverse relaxation in apple and tomato tissues is described by a multi-exponential model reflecting different sub-cellular water compartments [32, 11] . The MRI relaxation maps are derived from a relatively low echo number and do not make it possible to resolve contributions from different compartments. MRI thus provides an average of the true relaxation time which depends on the parameters of the imaging sequence.
As opposed to T 2 measurements, the errors in estimation of T 2 * may strongly influence the computation of porosity. In order to obtain accurate values, T 2 * was computed from multipoint decay curves, but sources of error may still have remained. The first echo time was set at 4 ms for both MRI systems because of technical limitations. The T 2 * of tissues rich in air, such as the apple cortex and tomato core, were about 3 and 5 ms, respectively. Thus the minimum echo time of 4 ms may be a limit for accurate estimation of T 2 *. It will be relevant to evaluate the method on a MRI scanner with a faster gradient switching allowing shorter TE. In the case of measurements at 0.2 T, the last TE was set at 70 and 80 ms for the apple and tomatoes, respectively. These values were not sufficiently long to reach the baseline and may also have introduced errors in the fitting results. These issues will be improved in further applications.
In the case of the tomatoes, T 2 * maps were sensitive to macroscopic field inhomogeneities (larger than voxel size) in addition to mesoscopic inhomogeneities. Gasfilled holes were in fact present in the locular tissue of the tomatoes, particularly tomatoes 1 and 2. Voxels corresponding to the outer pericarp and locular tissues near the macroscopic holes were therefore not considered.
The MRI and X-ray porosity measurements were in relatively good agreement. The relationship obtained between the two measurements was linear, with r²=0.98, and the slope close to 1 (0.9). However, the offset was greater than expected. The explanations may lie with different phenomena. Firstly, the two methods were compared in a limited range of porosities for the apples (14-25%), because X-ray images of the tomatoes were not exploitable for estimation of porosity. It would be interesting to extend this range and to compare the MRI and X-ray methods for lower porosity values. Therefore, other fruit models, such as the pear, which is characterised by lower porosity than apples (19% for apples and 8% for pears [33] ), will be used in our subsequent studies. Secondly, we considered in this study that 10 μm 3 /voxel resolution of X-ray images was appropriate to estimate the "reference" porosity and thus to validate the MRI method. However, X-ray results cannot be taken as absolute. Mendoza et al. [3] showed that porosity computed from X-ray images was highly dependent on the resolution used. Moreover, although particular care was taken to make MRI and X-ray experiments comparable, it was particularly difficult to consider exactly the same locality in the apple cortex for both measurements. The porosity of the apple cortex progressively changed from the centre to the skin and this factor may have led to an incorrect interpretation of the measurements. Finally, the gas in intercellular spaces was considered to be air rather than a more complex gas because the susceptibility constant of air is known. This approximation may influence the estimation of microporosity values (see Eq. 4).
Although MRI has a much lower resolution than the size of the intercellular spaces, the method used here takes advantage of the signal loss occurring in the gradient echo process due to intravoxel dephasing. Indeed, even mesoscopic magnetic perturbers smaller than the voxel size modify the voxel signal whose mean porosity can be assessed. Moreover, the method seems to be reliable as experiments using two magnets with different magnetic field strengths provided congruent results. It is also non-invasive and non-destructive, which is of great importance in plant investigations. Finally, MRI makes it possible to investigate the distribution of porosity in an entire fruit or in a chosen virtual slice in a relatively short time interval. On the other hand, X-ray Computed Tomography remains a unique technique which provides visualisation of cell morphology and void network architecture, but with the constraints of long acquisition times and small samples. These two techniques can thus be considered to be complementary.
At last, considering the results of the present study it is evident that both MRI and X-ray measurements reflect apparent and not absolute values of porosity. It is thus important to underline that the MRI method presented here is relevant for comparative studies.
CONCLUSION
The results of this study showed that MRI can be used for quantification of apparent microporosity in fruit tissues. The great advantage of this technique compared to other experimental methods for accessing of microporosity is that MRI makes it possible to measure the spatial distribution of porosity. Furthermore, MRI allows estimation of apparent microporosity on intact whole fruit and thus repeated measurements can be performed on an individual sample. The method is very promising for investigation of relationships between gas transfer and various disorders in fruit during postharvest life. Application of the method will be extended to other biological tissues. (porosity 1.5T =0.9porosity X-ray +5) with r²=0.98. 
